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To efficiently transcribe genes, RNA Polymerase II
(Pol II) must overcome barriers imposed by nucleo-
somes and higher-order chromatin structure. Many
genes, including Drosophila melanogaster Hsp70,
undergo changes in chromatin structure upon activa-
tion. To characterize these changes, we mapped the
nucleosome landscape of Hsp70 after an instanta-
neous heat shock at high spatial and temporal reso-
lution. Surprisingly, we find an initial disruption of
nucleosomes across the entire gene within 30 s after
activation, faster than the rate of Pol II transcription,
followed by a second further disruption within 2 min.
This initial change occurs independently of Pol II
transcription. Furthermore, the rapid loss of nucleo-
somes extends beyond Hsp70 and halts at the scs
and scs0 insulating elements. An RNAi screen of 28
transcription and chromatin-related factors reveals
that depletion of heat shock factor, GAGA Factor,
or Poly(ADP)-Ribose Polymerase or its activity
abolishes the loss of nucleosomes upon Hsp70
activation.
INTRODUCTION
In eukaryotic cells, DNA is packaged into chromatin, providing
a natural barrier to factors requiring access to DNA (Rando and
Ahmad, 2007). Many essential cellular processes, including
gene expression, rely on the ability of the cell to regulate and al-
leviate the restrictive properties of chromatin. In vitro studies
have shown that the transcriptional rate and processivity of
RNA Polymerase II (Pol II), which is responsible for expressing
all mRNA-encoding genes, is severely inhibited by nucleosomes
(Knezetic and Luse, 1986; Lorch et al., 1987). However, in vivo
studies show that Pol II, and even the first ‘‘pioneer’’ Pol II to tran-
scribe an induced gene, is able to transcribe at rates (1.5 kb/
min) that suggest it is not inhibited by the presence of nucleo-
somes (O’Brien and Lis, 1993; Thummel et al., 1990). These
results indicate that eukaryotic cells have mechanisms that
modulate nucleosome position and structure at active genes.74 Cell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc.The diversity of factors that act on chromatin indicate that eu-
karyotic cells use multiple general mechanisms to alter the posi-
tion or composition of the nucleosome, allowing critical factors
such as Pol II access to DNA (Li et al., 2007). Chromatin-remod-
eling complexes, such as SWI/SNF and ISWI, provide the cell
with the ability to remove, transfer, or slide a nucleosome along
a DNA template (Saha et al., 2006). Additionally, many transcrip-
tion-elongation factors and histone chaperones, such as FACT,
Spt6, and Asf1, aid in the disassembly of nucleosomes and their
reassembly in the wake of transcribing Pol II (Bortvin and Win-
ston, 1996; Orphanides et al., 1998; Schwabish and Struhl,
2006). Finally, histone-modifying enzymes can acetylate, meth-
ylate, phosphorylate, monoubiquitinate, sumoylate, or ADP-
ribosylate histones, or carry out the reverse of each reaction
(Li et al., 2007). Many of these modifications can modulate inter-
and intranucleosomal interactions (Reinke and Horz, 2003;
Shogren-Knaak and Peterson, 2006), andmost are likely to serve
as specific targets for effectors (Jenuwein and Allis, 2001;
Wysocka et al., 2006), which can act locally to alleviate or
reinforce the repressive structure of chromatin.
Understanding where nucleosomes are positioned and how
these positions change during transcription is critical in deci-
phering how the changes occur. Early studies with micrococcal
nuclease (MNase) or DNase1 on chromatin isolated from cells
produced the first views of the chromatin structure of Drosophila
melanogaster heat shock (HS) genes in vivo. These analyses
showed that both the promoter and the 30 end of the Hsp70
gene contained large hypersensitive regions, and that nucleo-
somes on the coding regions before HS were disrupted after
an extended HS (Wu et al., 1979; Wu, 1980). Recently, whole-
genome ChIP-chip and ChIP-seq studies have shown that
many genes exhibit similar patterns of nucleosome occupancy
(Johnson et al., 2006; Lee et al., 2007; Schones et al., 2008). In
particular, nucleosomes are often absent in promoter regions
just upstream of the transcriptional start site, allowing the tran-
scriptional machinery easy access to DNA elements (Crawford
et al., 2006; Mito et al., 2005; Yuan et al., 2005). Moreover, genes
in Saccharomyces cerevisiae contain one well-positioned nucle-
osome, on average, on each side of the promoter region, and
nucleosomes become progressively less positioned beyond
this point (Albert et al., 2007; Lee et al., 2007; Yuan et al.,
2005). Thus, although many promoters are open and accessible,
and even occupied by Pol II (Lis, 2007), Pol II still must overcome
nucleosomes occluding its downstream path into the gene.
D.melanogaster Hsp70 is amodel gene used to study the gen-
eral mechanisms by which Pol II is able to transcribe through
chromatin. Hsp70 is rapidly activated within seconds after HS,
and, concomitantly, its chromatin structure decondenses, which
is evident by the formation of large puffs on polytene chromo-
somes (Boehm et al., 2003). Not surprisingly, an entire battery
of transcription factors is recruited toHsp70 upon activation, un-
der the direction of the master heat shock factor (HSF) activator
(Saunders et al., 2006). Curiously, although the puff size at HS-
induced genes increases with transcript length and promoter
strength (Simon et al., 1985), previous studies also show that
the puffing of HS loci can be decoupled from active transcription
of the gene by using a chemical stimulus (Winegarden et al.,
1996). Although informative, these studies do not demonstrate
at the molecular level in living cells that changes are indeed
happening to the nucleosomes occupying Hsp70.
The dramatic change in the chromatin structure upon gene
activation begs several questions. Does this puffing entirely rep-
resent changes in nucleosomes? Are the nucleosomes evicted,
or are their positions or configurations altered? How rapidly
can changes in the chromatin structure be detected at the
molecular level? And, finally, which factors are responsible? Pre-
vious studies have shown that deletion of either Heat Shock Ele-
ments (HSEs) or GAGA factor (GAF)-binding sites in the Hsp70
promoter region result in reduced HSF binding and a loss of
puff formation upon HS (Shopland et al., 1995). GAF, encoded
by the Trithorax-like gene, binds to repeating (GA)n sequences
and is present at the Hsp70 promoter before HS (O’Brien et al.,
1995). GAF itself has been shown to play important roles in
gene activation, presumably by regulating chromatin structure
by itself or through its interactions with the NURF-remodeling
complex (Tsukiyama et al., 1994; Tsukiyama and Wu, 1995).
In addition to HSF and GAF, recent evidence indicates that
Poly(ADP-)Ribose Polymerase (PARP) is important in puff forma-
tion at many loci, including Hsp70 (Tulin and Spradling, 2003).
PARP is an enzyme that catalyzes the polymerization of ADP ri-
bose units from NAD+ onto target proteins (primarily itself) and
interacts with DNA and nucleosomes (Kim et al., 2004; Pinnola
et al., 2007). PARP proteins have roles in several nuclear pro-
cesses, including DNA-damage responses (D’Amours et al.,
1999), but they have only recently been examined with respect
to transcription (Kraus and Lis, 2003). A P-element insertion
that disrupts PARP expression, or inhibition of PARP’s catalytic
activity, displays decreased puff sizes in polytene chromosomes
and reduced Hsp70 protein levels upon HS (Tulin and Spradling,
2003). To understand puff formation and the roles of HSF, GAF,
and PARP, examination of chromatin at the nucleosomal level is
required. Moreover, the potential role of other factors needs to
be evaluated.
In this paper, we map the nucleosome architecture of the
D. melanogaster Hsp70 gene at a 30 bp resolution and track its
changes seconds after an instantaneous HS. We find that before
HS, the chromatin structure of Hsp70 has characteristics similar
to general genome-wide features at most genes. After HS, we
find that the chromatin architecture at Hsp70 has an initial dra-
matic change throughout the gene that is so rapid that it occurs
even before the first wave of transcribing polymerase reaches
the corresponding regions of the gene. Furthermore, we findthat this initial loss of nucleosomes is independent of transcrip-
tion and extends to natural insulating elements flanking the HS
genes. Through an RNAi screen of known coactivators, chroma-
tin-remodeling enzymes, histone modifiers, nucleosome assem-
bly and disassembly factors, modifiers of DNA topology, and
elongation factors, we indentify HSF, GAF, and PARP as all being
necessary for the rapid loss of nucleosomes at the Hsp70 gene
after HS. The effect of PARP requires its enzymatic activity,
and a specific inhibitor added only 10 min before HS is sufficient
to block the nucleosome loss.
RESULTS
The Chromatin Structure at Hsp70 Is Rapidly
and Dramatically Altered after Heat Shock
We employed a previously developed method (Sekinger et al.,
2005) to track in vivo changes in the chromatin structure of the
Hsp70 gene at the mononucleosome level after activation. In
our assay, Hsp70 is induced in Drosophila S2 cells by an in-
stantaneous HS for various times. The cells are crosslinked
with formaldehyde, and chromatin is then isolated and split
into mock- and MNase-treated samples (Figure 1A). The DNA
is then probed with over 100 separate primer sets that, on
average, are spaced 30 bp apart and amplify 100 bp regions
along the Hsp70Ab copy (Figure 1B; see Table S1 available on-
line). The ability of a primer pair to amplify depends on the
amount of contiguous DNA between the primers that remains
after MNase digest; MNase cleaves linker DNA between nucle-
osomes and cleaves nucleosome-free DNA. To determine the
amount of digestion in a particular region at the Hsp70 gene,
we calculated the relative ratio of the amount of digested
DNA to the undigested control by using real-time quantitative
PCR (qPCR). Efficient amplification of 100 bp regions ensures
that amplifiable DNA in the digested sample is mononucleo-
some or subnucleosome in size but larger than tetrameric or
hexameric structures. The amount of MNase was titrated to
produce mononucleosomes from the bulk chromatin of nuclei
(Figure S1A), and to observe protection under uninduced con-
ditions at Hsp70 with amplification of 100 bp-sized fragments,
but not with 190 bp-sized fragments (Figure S1B). This ensures
that our assay has mononucleosome resolution and provides
a precise way to measure and track the positions of nucleo-
somes along Hsp70 after HS.
Under non-heat shock (NHS) conditions, Hsp70 contains four
distinct chromatin regions: a nucleosome-free promoter region,
a well-positioned nucleosome centered 330 nucleotides after
the transcription start site (TSS), poorly positioned nucleosomes
in the body of the gene, and a second nucleosome-free region at
the 30 end of the gene (Figure 1C, dark blue). (Each individual time
point can be seen as a separate graph with error bars in Figures
S2A–S2E.) The nucleosome-free region at the 50 and 30 ends of
Hsp70 agree with earlier studies that show that these regions
are hypersensitive to nucleases (Wu, 1980). The 50 hypersensi-
tive region extends further into the transcription unit than where
Pol II is known to be transcriptionally engaged and paused
20–40 bp downstream of its initiation site (Giardina et al., 1992;
Rasmussen and Lis, 1993; Rougvie and Lis, 1990). Beyond the
first nucleosome, centered at +330 and well downstream ofCell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc. 75
the paused Pol II, the body of the gene contains nucleosomes
that gradually lose their positioning. This is seen from the rela-
tively even distribution of protection along the gene. A nucleo-
some just upstream of the polyadenylation (Poly[A]) site of
Hsp70 bookends the nucleosomes on the 30 end of the gene.
Overall, under NHS conditions, the chromatin structure of the
Hsp70 gene accommodates paused polymerase but still
provides an impending barrier to transcription elongation.
To determine how the chromatin structure of Hsp70 changes
upon an instantaneous HS, we used the high-resolution MNase
assay after 5, 30, 60, and 120 s of HS. Within 5 s of HS, the pro-
tection of DNA in the immediate 50 region of the gene decreases
(Figure 1C, light blue). By 30 s (Figure 1C, green), further loss in
the 50 region is observed, but now losses are also observed ex-
tending past the 30 region of the gene. Surprisingly, these initial
changes in the 30 end of the gene occur before RNA polymerase
reaches the 30 end, which takes 2 min (Boehm et al., 2003;
O’Brien and Lis, 1993). No significant changes in nucleosome
protection are seen between 30 and 60 s (Figure 1C, orange).
However, by 120 s of HS (Figure 1C, red), another broad loss
in the protection of nucleosomes occurs along the entire gene.
In contrast to NHS conditions, the nucleosome protection pat-
tern of a 120 s HS is decimated. This 2 min protection pattern re-
mains even after 20 min of HS (data not shown). Similar changes
in nucleosomes were also observed on the same time scale for
the shorter, HS-inducible Hsp26 gene (Figures S3A and S3B).
During HS, the positions of nucleosomes neither move into
Figure 1. Rapid Loss of Chromatin Structure at
Hsp70 upon Heat Shock Detected by a High-
Resolution MNase Scanning Assay
(A) Diagram depicting the procedure followed for the high-
resolution MNase assay. S2 cells are heat shocked for
0 (dark blue), 5 (light blue), 30 (green), 60 (orange), or
120 s (red) (colors refer to [C]), immediately cooled to
room temperature, and crosslinked, and their chromatin
is isolated. Purified DNA products from samples are
treated with 0 or 500 U MNase and are used for
real-time qPCR.
(B) Diagram showing the PCR amplicons used at the
Hsp70Ab gene. PCR products are 100 ± 5 bp in size and
are spaced 30 ± 6 bp apart. The mRNA-encoding unit is
shown in black. The gene nucleotide location, corre-
sponding to (C), is numbered below, and the HSEs, TSS,
and Poly(A) site (at +2343) are indicated.
(C) The HS time course chromatin profile of Hsp70 is de-
termined by normalizing the amount of the MNase-
digested PCR product to that of the undigested product
by using the DC(t) method (y axis), which is plotted against
the gene nucleotide location (x axis). Values from overlap-
ping primer sets are averaged. The x axis represents base
pair units, with 0 being the TSS. Lines represent the aver-
age of three separate experiments; error bars are omitted
for clarity.
nucleosome-free regions nor increase in their
relative level of protection.
To address whether or not these changes in
the chromatin landscape are due to either
a loss of histones or just to an increased acces-
sibility of the DNA at this locus, we performed traditional sonica-
tionChIPwith an antibody that recognizes histone H3 and its var-
iants. The histone NHS landscape determined by ChIP matches
that of the MNase protection assay (Figure 2, dark blue). Addi-
tionally, the same changes in the MNase protection pattern are
seen with a histone H3 ChIP at 5, 30, and 60 s of HS (Figure 2,
light blue, green, and orange, respectively). The combination of
increased MNase accessibility and decreased histone density
indicates disruption of nucleosome structure on the gene, or
a loss in nucleosomes. The only significant difference observed
between the two methods is that there is not a change in histone
levels between 60 and 120 s of HS. One likely explanation for
these differences is that Pol II accumulates across the body of
the gene by this point, resulting in further disruption of canonical
nucleosomal structures. This could lead to an increased acces-
sibility of this DNA to theMNase without a further decrease in the
amount of histone H3 present. Again, similar results were found
for Hsp26 (Figure S3C). Figures 1 and 2 indicate that changes in
nucleosomal structures at Hsp70 start at the 50 end of the gene
and move more rapidly than Pol II toward the 30 end.
Nucleosomes at Hsp70 Can Be Lost Independently
of Transcription
The loss of nucleosomes at Hsp70 occurring prior to Pol II’s
occupancy of these regions suggests that the rapid changes in
chromatin, which occur well before maximal puff formation at
20 min of HS (Lewis et al., 1975), might also occur independently76 Cell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc.
of transcription. To catalog at high resolution which chromatin
changes occur independently of transcription, we used sodium
salicylate or the nucleotide analog 5,6-dichloro-1-b-D-ribofura-
nosylbenzimidazole (DRB). Both of these chemicals reduce the
level of HS-induced Hsp70 transcription (Giardina and Lis,
1993; Winegarden et al., 1996). Treatment of S2 cells with DRB
followed by a 2 min HS resulted in normal recruitment of HSF
to the promoter (154) (Figure 3A). Pol II was also normally re-
cruited to the pause site (+58); however, it was not detected in
regions further downstream (+1702) (Figure 3A), indicative of
transcription elongation being inhibited. The nucleosome pro-
tection profile of a 2 min (or 30 s) HS with DRB revealed that
the initial loss of nucleosome structure occurred even though
Pol II never moved into the body of the gene (Figure 3B;
Figure S15A).
Treatment of cells with sodium salicylate under NHS condi-
tions resulted in a level of HSF recruitment equivalent to that
of a 20 min HS (Figure 3C). The amount of Pol II at the pause
site or in downstream regions, however, did not change from
NHS levels (Figure 3C). These results are consistent with pre-
vious studies showing that sodium salicylate induces HSF
binding to its HSEs, but does not result in additional promoter
melting by the paused Pol II (Giardina and Lis, 1995). This
NHS treatment with sodium salicylate, like HS in the presence
of DRB, resulted in the loss of nucleosomes throughout the
gene, similar to the initial loss found with 30 or 60 s of HS
(Figure 3D). Similar results for both experiments were found
for Hsp26 as well (Figures S4A–S4D). These experiments dem-
onstrate that the initial loss of nucleosomes is due to a mech-
anism that is independent of transcription and that the subse-
quent loss in protection is due to a transcription-dependent
mechanism.
Figure 2. Rapid Loss of Histone H3 from Hsp70 upon Heat Shock
Histone density across the Hsp70 gene detected by ChIP by using an H3 an-
tibody. S2 cells are heat shocked for 0 (dark blue), 5 (light blue), 30 (green), 60
(orange), or 120 s (red). The y axis represents the percent of input material im-
munoprecipitated. Error bars represent the SEM of three independent exper-
iments. The x axis represents base pair units along the Hsp70 gene, with 0 as
the TSS; each number represents the center of the PCR amplicon. The inter-
genic region represents a region 32 kb downstream of Hsp70Bc that does
not change upon HS.The Loss of Nucleosomes at Hsp70 Halts at the
Drosophila scs and scs0 Boundary Elements
In our initial assay, we observed chromatin changes across the
entire Hsp70 region that we surveyed (Figure 1C). Next, we
chose to determine where the loss in nucleosomal protection
ceases. Decondensed polytene chromosome puffs do not
spread indefinitely, suggesting that a relatively defined border
of nucleosome loss might exist. To identify where this border
occurs, we progressively walked downstream of the Hsp70
genes at 87A to the scs and scs0 boundary elements (Figure 4;
Udvardy et al., 1985). As insulators, the scs and scs0 regions pro-
tect against positive and negative chromatin position effects and
can block cis-acting promoter-enhancer interactions (Kellum
and Schedl, 1991; Kuhn et al., 2004). The scs and scs0 regions
are known to contain nuclease hypersensitive regions as well
as DNA-binding elements for the zeste-white 5 (Zw5) and bound-
ary element associated factor 32 (BEAF-32) DNA-binding pro-
teins, respectively (Gaszner et al., 1999; Vazquez and Schedl,
1994; Zhao et al., 1995). Surprisingly, protection of nucleosomes
anywhere between the Hsp70 copies and either the scs or scs0
regions was lost upon HS activation with similar kinetics to the
loss observed at Hsp70 (Figures 4B and 4C, and data not
shown). However, nucleosomes outside the region enclosed
by the scs and scs0 elements were unaffected (Figures 4A and
4D). These results indicate that the scs and scs0 regions also
act as barriers to the spread of severely decondensed chroma-
tin, and that rapid nucleosome loss upon transcription activation
is not confined to the transcription unit, but can extend several
kilobases upstream and downstream of the activated gene. In-
terestingly, even though changes in nucleosomes occur over
multiple genes within the region, only the Hsp70 genes are in-
duced after HS (Figure S5A). Moreover, the loss of nucleosomes
across this broad domain, corresponding to the 87A polytene
puff, occurs well before maximal puff formation; therefore, puff-
ing does not merely represent nucleosomal changes, but must
also denote higher-order structural changes at the locus.
HSF and GAF Are Necessary for Nucleosome
Loss at Drosophila Hsp70
The above-described results defined the location and rate of
nucleosome loss at Hsp70 but did not identify what factors are
required for the nucleosome loss. To address this question, we
coupled the high-resolution MNase assay to transient depletions
of candidate factors by RNAi. Given that a mutation in HSF or
deletion or mutation of the HS or GAGA elements greatly inhibits
the formation of HS puffs (Jedlicka et al., 1997; Shopland et al.,
1995), we first targeted HSF and GAF for depletion. Depletion of
HSF or GAF to less than 10% of LacZ control cells (Figures 5A
and 5B) abolished the changes in the chromatin structure of
Hsp70 after a 2 min HS (Figures 5A and 5B) and after a shorter
30 s HS (Figures S15B and S15C). Therefore, both HSF and
GAF are critical for bringing about the loss of nucleosomes
upon HS.
Poly(ADP)-Ribose Polymerase Is Necessary
for Nucleosomal Loss at Hsp70
To determine if other factors are required for the rapid changes in
nucleosome structure upon HS, we targeted many additionalCell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc. 77
Figure 3. Initial Loss of Nucleosomes at Hsp70 Is Independent of Transcription
(A) ChIP at Hsp70 for HSF and Rpb3 (Pol II) with and without 125 mM of the transcription inhibitor DRB before (NHS, black bars; NHS+DRB, dark-gray bars) and
during HS (2’HS, white bars; 2’HS+DRB, light-gray bars). The y axis represents the percent of input material immunoprecipitated. x axis values represent base
pair units centered on the HSEs (154), the Pol II pause site (+58), a downstream region (+1702), and an intergenic region outside the scs and scs0 regions. Error
bars represent the SEM of three independent experiments.
(B) MNase protection profile of NHSwith DRB (dark gray), 2’HSwith DRB (light gray), and 2’HS (medium gray) as in Figure 1C. Lines represent the average of three
separate experiments. Error bars representing the SEM are plotted just for the 2’HS+DRB line for clarity.
(C) ChIP as described in (A) except with and without 10 mM sodium salicylate before (NHS, black bars; NHS+salicylate, dark-gray bars) and during HS (20’HS,
white bars; 20’HS+salicylate, light-gray bars). Error bars represent the SEM of three independent experiments.
(D) MNase protection profile as in (B) with NHS (black), NHS+salicylate (dark gray), and 1’HS (light gray). Lines represent the average of three separate
experiments. Error bars representing the SEM are plotted just for the NHS+salicylate line for clarity.factors by RNAi depletion: known players in the HS response,
nucleosome remodelers, histone-interacting proteins, elonga-
tion factors, factors affecting DNA topology, and known bound-
ary element factors. The results of these experiments are
summarized in Table 1 and in Figures S7–S13. Although not all
knockdowns were confirmed, due to the unavailability of anti-
bodies, those that were checked had protein levels decreased
to 5%–20% of control cells (Figure S14). Under NHS conditions,
the ISWI remodeling complex containing Nurf301 and Chd1 had
the largest effects, as nucleosomes on the body of the genewere
better positioned in ISWI, Nurf301, and Chd1 RNAi-treated cells
(Figures S10B, S10C, and S10E). Additionally, RNAi depletion of
HDAC3 reduced the protection of DNA corresponding to the
positions of the first two nucleosomes (Figure S11D). After HS,
some transcription-related factors, including Med15, P-TEFb,
Spt6, and ERCC3 (Figures S7D, S9A, S9D, and S12C, respec-
tively), showed nucleosome profiles more closely resembling
a 1 min rather than a 2 min HS, which may be a consequence78 Cell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc.of a transcription defect atHsp70 (Ni et al., 2008) or possibly a di-
rect role in the disassembly of nucleosomes associated with
elongating Pol II. Regardless, depletion of these four factors
reinforces the finding that the second loss in MNase protection
(occurring between 1 and 2 min of HS) is a transcription-depen-
dent event. Depletion of other factors resulted in slightly more
protection at the site of the first nucleosome after the TSS
upon HS (e.g., Figures S8D, S9B, and S9C, etc.). Additionally,
a subset of factors, including Zw5 and BEAF-32, were chosen
to determine if RNAi depletion of any factor allowed for disrup-
tion of nucleosomes outside scs and scs0, and none were found
(Figure S6). Overall, most factors targeted for depletion did not
show any difference in the nucleosome profile in comparison
to control LacZ RNAi treatments before or after a 2 min HS
(e.g., Figures S7C, S7E, and S8A, etc.).
Beyond HSF and GAF, only one additional factor, PARP, was
found to be essential for the dramatic changes in chromatin
structure upon HS. In comparison to LacZ-depleted cells that
Figure 4. The scs and scs0 Regions Insulate the Heat Shock Locus from the Spread of Nucleosome Loss
(A–D) MNase HS time course protection as in Figure 1C flanking the scs and scs0 insulators. The 87A HS locus shown above depicts the four sites analyzed flank-
ing scs and scs0. Regions A and D are outside, and B and C are inside of the scs and scs0 insulators, respectively. Regions A–D also correspond to (A)–(D) in the
graphs. The x axis of all four graphs uses the TSS of the Hsp70Ab copy as the 0 point. Each line represented is the average of three independent experiments.
Error bars are omitted for clarity, but the SEM from three independent experiments is less than ±0.06.were heat shocked for 2min, depletion of PARP to10%of con-
trol levels resulted in a nucleosome profile more closely resem-
bling NHS (Figure 5C), indicating PARP’s importance in bringing
about changes in chromatin structure upon HS. Similar results
were found with a shorter 30 s HS (Figure S15D).
To determine if PARP’s ability to mediate changes in chroma-
tin structure were dependent on its catalytic activity, we used
a specific PARP catalytic inhibitor, PJ34 (Virag and Szabo,
2002). Treatment of S2 cells with 300 nM PJ34 for 10 min did
not affect the NHS chromatin profile (data not shown). However,
treatment of cells with 300 nM PJ34 followed by 2 min of HS
(Figure 6A) or 30 s of HS (Figure S15E) resulted in the retention
of the NHS nucleosome profile in comparison to untreated cells.
These results confirm theRNAi knockdown data, arguing against
an off-target effect of the transient knockdown and also show
that PARP’s enzymatic activity is required for the loss of nucleo-
somes at Hsp70 after HS.
We then sought to determine if depletion of PARP has a func-
tional consequence beyond retention of chromatin structure
after HS. To address this, wemeasuredHsp70mRNA levels after
2, 5, and 20min of HS. The result was almost a 3-fold reduction inthe amount of transcript after each of the time points (Figure 6B),
comparable to a previously estimated 5-fold reduction in Hsp70
protein levels (Tulin and Spradling, 2003). Collectively, our
results show that upon HS, PARP is necessary for rapid nucleo-
some loss at Hsp70 and, consequently, full transcriptional
activation of the gene.
DISCUSSION
Using a high-resolution in vivo approach to map changes in the
chromatin structure of the rapidly induced Hsp70 gene, we
observed a broad disruption of the nucleosome structure that
occurred at a rate faster than transcribing Pol II, was broader
than a single transcription unit, and ceased at the natural insulat-
ing elements. Furthermore, we found that the initial changes in
chromatin architecture at Hsp70 can be decoupled from tran-
scription of the gene, whereas the second disruption by 2 min
is transcription dependent. A selective RNAi screen identified
HSF, GAF, and PARP as each being necessary for the changes
in chromatin landscape at Hsp70.Cell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc. 79
Before HS, the Hsp70 gene contains a chromatin landscape
that has many general, as well as some distinct, features. Like
many other TATA-containing genes (Albert et al., 2007), a highly
positioned nucleosome exists downstream of the promoter
region, and the adjacent nucleosomes on the body of Hsp70
gradually lose their positioning. Likewise, as seen with many
genome-wide studies, the promoter, and a region at the 30 end
of the gene, is relatively nucleosome free (Mito et al., 2005;
Trinklein et al., 2007;Yuanet al., 2005). It has yet tobedetermined
why 30 ends of genes are hypersensitive to nucleases. However,
whereas many genes in yeast contain a positioned nucleosome
starting within the first 100 bp of the transcription unit, Hsp70
contains a nucleosome-free region that extends further, with
the first nucleosome centered 330 bp after the TSS. This ex-
tended nucleosome-free region may be a more general feature
of genes containing a paused polymerase (Mavrich et al., 2008).
Our HS time course shows that within 2 min after HS, the chro-
matin landscape of Hsp70 drastically changes. As shown by our
assay, after 2 min of HS, there no longer exists appreciable pro-
tection of a contiguous 100 bp piece of DNA that would normally
be provided from a histone octamer. However, there are still de-
tectable levels of histone H3 on the body of the gene, albeit
3-fold less than NHS levels. Although these results differ from
early observations that histone levels on Hsp70 do not change
after HS (Nacheva et al., 1989; Solomon et al., 1988), our 3-
fold decrease measured by real-time qPCR agrees with more re-
Figure 5. HSF, GAF, and PARPAre Essential
for the Loss of Nucleosomes at Hsp70
MNase protection profile as in Figure 1C compar-
ing the chromatin architecture after an RNAi de-
pletion of either (A) HSF, (B) GAF, or (C) PARP
(black lines) in comparison to a control RNAi de-
pletion of LacZ (gray lines) after a 2 min HS at
Hsp70. Each line represents the average of three
independent experiments, and error bars repre-
sent the SEM.Western blots showing correspond-
ing knockdown of HSF, GAF, or PARP are shown
to the right of each figure; TFIIS was used as
a loading control, and a serial dilution of LacZ
RNAi was used to quantify each knockdown.
cent quantifications of histone levels after
HS (Adelman et al., 2006) and may have
gone undetected in the qualitative analysis
of these early experiments. Early electron
microscopy spreads of native transcribing
Pol II complexes with a growing RNA
chain from D. melanogaster indicate that
the bulk of transcribing Pol II in vivo ap-
pears to have nucleosomes flanking its
path (McKnight and Miller, 1979). Our re-
sults, however, suggest that, at least for
the rapidly inducedHsp70gene, thenucle-
osomal structure present before HS no
longer exists after activation of the gene.
We also found that changes in chroma-
tin upon Hsp70 induction extend well be-
yond the transcription unit of Hsp70 and halt at the scs and scs0
insulating elements. Previous studies of scs and scs0 have shown
that these insulators are capable of blocking enhancer functions
and establishing chromatin domains that are resistant to position
effects (Kellum and Schedl, 1991; Kuhn et al., 2004). However,
the scs and scs0 regions have been located by DNA FISH on
squashed polytene chromosomes to be within a HS puff at the
endogenous 87A HS locus (Kuhn et al., 2004). This indicates
that the scs and scs0 regions by themselves are not absolute
boundaries to changes in chromosome architecture, and sup-
ports our observation that puffing is maximal at a time well after
nucleosome disruption and therefore denotes additional struc-
tural alterations beyond those observed here. Although tran-
scription of CG31211, CG3281, and Aurora did not change after
HS, and no factor targeted for RNAi permitted the disruption of
nucleosomes beyond scs or scs0, both of these regions include
a TSS with detectable amounts of Pol II (Figure S5B), consistent
with previous results (Muse et al., 2007). It is therefore possible
that the promoter architecture with Pol II present at these genes
may be responsible for establishing a barrier at these sites. Over-
all, our results show that scs and scs0 provide a primary barrier to
the spread of chromatin decondensation, at least at the nucleo-
somal level, and add to our limited knowledge of the chromatin
architecture of a puff.
Previous results, combined with ours, indicate that transcrip-
tion-independent chromatin decondensation may prove more80 Cell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc.
general. Changes in chromatin structure independent of tran-
scription have been implicated at Hsp70 in humans (Brown
and Kingston, 1997) and also at developmentally regulated puffs
in Drosophila (Crowley et al., 1984). Furthermore, our results
indicate that the changes in chromatin at D. melanogaster
Hsp70 do not depend on many different transcription factors.
In Saccharomyces cerevisiae, many HS genes also lose histone
density within the body of the gene by 2 min of HS (Zhao et al.,
2005), and, as in our study, these changes are independent of
Table 1. Effect of RNAi Depletion of Different Factors on the
Chromatin Architecture at Hsp70
Factor
Change
from
NHS
Change
from 2 min
HS
Upstream activators HSFa None NHSb
GAFa None NHSb
CBP None None
Med15 None 1 min HSc
Med23 None None
SAGA subunits Gcn5 None None
Tra1 None None
Spt3 None None
Ubp8 None NMPd
Elongation factors PTEF-
b (Cyclin Ta)
None 1 min HSc
Paf1a None NMPd
FACT
(Spt16a)
None NMPd
Spt6a None 1 min HSc
Chromatin remodelers Swi/Snf
(Brm)
None None
ISWI NWPe None
Nurf301 NWPe None
MI-2 None None
Chd1 NWPe NMPd
Kismet None None
Nucleosome interacting
proteins
HIRA None None
Asf1 None None
PARPa None NHSb
HDAC3 NLPf NMPd
DNA topology Topo1a None None
Topo2 None NMPd
TFIIH
(ERCC3a)
None 1 min HSc
Boundary elements BEAF-32 None NMPd
Zw5 None NMPd
aKnockdown confirmed by western blot to be 5%–20% of LacZ RNAi
levels.
bResembles a NHS profile.
c Resembles a 1 min HS profile.
dDNA at the first nucleosome after the TSS is more protected.
eNucleosomes on the body of the gene are better positioned.
f DNA at the first and second nucleosomes after the TSS is less protected.SWI/SNF, Gcn5, and Paf1. Overall, transcription-independent
chromatin decondensation might allow cells to rapidly activate
genes by clearing the obstacles in the path of Pol II prior to its
movement, together with its entourage of elongation factors,
through the gene.
Our results show that in addition to HSF and GAF, which have
previously been implicated in the decondensation at Hsp70 loci
(Shopland et al., 1995), PARP is also necessary for rapid
changes in the nucleosome architecture of Hsp70. This is con-
sistent with the finding that reduction of PARP expression results
in decreased HS puff sizes (Tulin and Spradling, 2003). Our
results go further in demonstrating that PARP aids the rapid re-
moval of nucleosomes within 2 min of HS. Poly(ADP-)Ribose
(PAR) polymers are the enzymatic product of PARP and have
similar chemical and structural features as a nucleic acid
(D’Amours et al., 1999). Upon activation, PARP polyribosylates
itself, which results in PARP’s release from chromatin (Wacker
et al., 2007). The result of this could be two fold. First, since
Figure 6. The Enzymatic Activity of PARP Is Needed for Nucleosome
Loss at Hsp70, and PARP Is Required for Full Hsp70 Expression
(A) MNase protection profile ofHsp70 as in Figure 1C comparing the chromatin
architecture of S2 cells treated (black line) or not treated (gray line) with the
PARP enzymatic inhibitor PJ34 after a 2 min HS. Each line represents the
average of three independent experiments, and error bars represent the SEM.
(B) Hsp70mRNA levels after a 2, 5, and 20 min HS were measured for S2 cells
RNAi depleted of LacZ (black) or PARP (gray). Hsp70 expression levels were
measured by oligo dT primed reverse transcription followed by real-time
qPCR by using specific Hsp70Ab primers. Hsp70mRNA levels are normalized
to the Rp49 gene, and error bars represent the SEM of three replicates.Cell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc. 81
PARP binds to nucleosomes in a similarly repressive manner as
linker histone H1 (Kim et al., 2004), the activation of PARP could
result in its release from chromatin to reverse any repressive
effects on the chromatin structure at Hsp70. Second, the ADP
ribosylation of histones may destabilize the nucleosome, and
the creation of these PAR polymers could act locally as a nucleic
acid that attracts and removes histones from the body of the
Hsp70 gene. Alternatively, PARP could covalently modify
another protein to activate its role in removal of nucleosomes.
In addition to histones, PAR could also attract transcription
factors that bind nucleic acids. This could explain the rapid re-
cruitment of Pol II and other important transcription factors to
the site of active HS transcription (Boehm et al., 2003). Likewise,
PAR could also provide ameans throughwhich transcription fac-
tors recruited to the gene are then retained locally (Yao et al.,
2007). The activation of PARP could thus provide a rapid, tran-
scription-independent method to deplete histones and promote
transcription of the Hsp70 gene.
EXPERIMENTAL PROCEDURES
ChIP
HSs were performed as described by Boehm et al. (2003), and ChIP was per-
formed as described by Adelman et al. (2006), with the following exceptions.
Extracts were sonicated at 4C on the high-sonication setting of the Bioruptor
(Diagenode) with one 15 min interval, followed by three 5 min intervals of 20 s
bursts, followed by 1 min of inactivity (corresponding to 24 total bursts) to
achieve average fragment sizes of 400 bp. The amount of antibody per immu-
noprecipitation (IP) used was 4 ml for rabbit anti-Rpb3 (Adelman et al., 2006),
2 ml for rabbit anti-HSF (Boehm et al., 2003), and 2 ml for rabbit anti-Histone
H3-ChIP grade (Abcam ab1791).
High-Resolution MNase Mapping
The same procedure for ChIP was used up until resuspension in sonication
buffer. At this point, crosslinked cells were resuspended in hypertonic buffer
A (300 mM sucrose, 2 mM Mg acetate, 3 mM CaCl2, 10 mM Tris [pH 8.0],
0.1% Triton X-100, and 0.5 mM DTT) to 1 3 108 cells/ml, incubated on ice
for 5 min, and dounced 20 times with a 2 ml dounce homogenizer (tight pestle,
Wheaton). Nuclei were collected by centrifuging at 4C for 5 min at 720 3 g.
The pellets were washed twice in buffer A and then resuspended in buffer D
(25% glycerol, 5 mM Mg acetate, 50 mM Tris [pH 8.0], 0.1 mM EDTA, 5 mM
DTT) at 1 3 108 nuclei/ml. Chromatin was collected by centrifuging at 4C
for 5 min at 7203 g. The pellets were washed twice in buffer D and then resus-
pended in buffer MN (60 mM KCl, 15 mM NaCl, 15 mM Tris [pH 7.4], 0.5 mM
DTT, 0.25 M sucrose, 1.0 mM CaCl2) at 1 3 10
8 nuclei/ml. The equivalent of
2 3 107 nuclei was used per MNase reaction. MNase (USB), diluted in buffer
MN, was added so that 0, 0.5, 5, 50, and 500 total units were used per reaction
and timed for 30 min at room temperature. Reactions were stopped with the
addition of EDTA and SDS to final concentrations of 12.5 mM and 0.5%,
respectively. The equivalent of 5 3 106 nuclei was removed and processed
like ChIP samples from the point of elution from the beads.
Real-Time qPCR Analysis
ChIP and real-time qPCR primer sets have previously been characterized as
described by Adelman et al. (2006). Real-time qPCR was performed as de-
scribed by Ni et al. (2007). For ChIP samples, a standard curve was generated
by serially diluting input samples to quantify IP samples. For MNase digests,
a fold difference was calculated (Schmittgen et al., 2000) between MNase-
treated and untreated samples. All values used were collected from the linear
range of amplification.
Chemical Treatments
All chemicals were added to S2 cells in media, at final concentrations of
125 mM DRB, 10 mM sodium salicylate, and 300 nM PJ34 and were allowed82 Cell 134, 74–84, July 11, 2008 ª2008 Elsevier Inc.to mix for 10 min at room temperature. Cells were then collected after NHS
or 2 min HS conditions outlined in the ‘‘ChIP’’ section.
RNAi Treatments
All RNAi treatments were preformed as described by Adelman et al. (2005), ex-
cept knockdown was allowed to proceed for 96 hr. RNAi primers and RefSeq
DNA Identifiers for all knockdowns are provided in Table S1. Briefly, S2 cells
were treated with double-stranded RNA, designed by using the Ambion
MEGAscript manual, targeting either the coding sequence of the listed factor
or b-galactosidase (LacZ, as a negative control). Cells were collected and split
into NHS and 2 min HS samples to be processed with the high-resolution
MNase assay.
mRNA Expression Analysis
All mRNA expression analyses were performed as described by Adelman et al.
(2006). Briefly, total RNA was isolated (QIAGEN RNeasy) from PARP RNAi and
LacZ RNAi S2 cells after 2, 5, and 20 min of HS. Hsp70 levels were determined
from oligo dT-mediated quantitative, real-time reverse transcription-PCR. The
stable ribosomal protein RpL32 gene (Rp49) was used to internally standardize
for the amount of RNA.
Western Blots
Western blots were performed by using standard conditions, and input dilu-
tions were used as a quantitative indication of signal linearity. Antibody lab
stocks of HSF (Shopland et al., 1995), GAF (O’Brien et al., 1995), and TFIIS
(Adelman et al., 2005) were used at dilutions of 1:2000, 1:1000, and 1:3000,
respectively. Rabbit anti-Parp serum raised to recognize the C terminus
(Kim et al., 2004) was a gift of W. Lee Kraus and was used at a 1:1000 dilution.
SUPPLEMENTAL DATA
Supplemental Data include fifteen figures and one table that lists the primers
used in this study and are available at http://www.cell.com/cgi/content/full/
134/1/74/DC1/.
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